Objective-To address the lack of predictors of IVF success by using proteomic biometrics.
The technologies of time-of-flight mass spectrometry (TOF-MS) and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) have both been applied to biomarker discovery. In addition to the search for cancer biomarkers (1) (2) (3) (4) , proteomic profiling has been applied to reproductive conditions, including intra-amniotic infections (5, 6) , ectopic pregnancy (7) , recurrent pregnancy loss (RPL) (8) , embryo (9) , and human pregnancy research (10) . Application of proteomic technology in the field of in vitro fertilization (IVF) is an obvious possibility, because there are very few predictors of IVF outcomes available.
Female age of the oocyte used for IVF has consistently been observed to be the strongest predictor of IVF success (11) (12) (13) , with "basal" FSH measurement also being an independent predictor of the peak E 2 level, number of oocytes retrieved, number of oocytes fertilized, number of embryos transfered, and pregnancy rates (14) . It has also been suggested that antimullerian hormone, inhibin, antral follicle counts, and clomid challenge tests may have some value, but they have not been tightly linked with clinical outcomes (15) (16) (17) . Identification of populations at risk of depletion of their ovarian reserve before reaching a decrease in or exhaustion of ovarian reserve would be useful, because currently there is no available testing to assist physicians in detecting such patients. Moreover, the ability to predict specific types of IVF failure may permit changes in IVF approaches that would shortcut the "trial and error" methods that currently exist.
In the present study, we used 2D-PAGE protein profiling with liquid chromatographytandem mass spectrometry (LC-MS/MS) sequencing to analyze follicular fluid of women who did or did not succeed after IVF to determine whether proteomic methods can identify the potential biomarkers or pattern that predict live birth.
MATERIALS AND METHODS
The follicular fluid samples were collected from a prospective cohort study of 2,688 couples enrolled before their first IVF cycle from 1994 to 2003 at three centers in the greater Boston area (18) . Couples who required donor semen or donor eggs, gestational carries, gamete intrafallopian transfer (GIFT), or those patients returning for a second IVF procedure after a previous successful cycle were not eligible for the study. Approximately 65% of those approached agreed to participate and signed an informed consent letter that was approved by the Institutional Review Board of Brigham and Women's Hospital, Boston. In this study, subjects were undergoing their first cycle of IVF and were ≤32 years old. "Successes" were women with greater than the median number of oocytes retrieved (≥ 11), and had a live birth. These women were matched to "failures" who had fewer than the median number of oocytes retrieved and failed to become pregnant. Matching factors included female age in years, calendar year of IVF cycle, and down-regulation protocol.
Patients were stimulated with either long down-regulation protocols or short (flare) downregulation protocols using leuprolide acetate (Lupron; TAP Pharmaceuticals, Deerfield, IL). Our protocols have been previously described (18) , but, in brief, patients underwent controlled ovarian stimulation with monitored E 2 levels and pelvic ultrasounds, and gonadotropin doses were adjusted accordingly. Monitoring was continued until patients received 10,000 IU hCG (Profasi; Serono, Rockland, MA) intramuscularly. Oocyte retrieval was performed approximately 36 h after hCG. For certain indications, assisted hatching and intracytoplasmic sperm injection were performed, and embryos were transfered with a Wallace catheter.
Follicular Fluid Collection
The follicular fluid was obtained from the largest follicle (>18 mm) visualized on ultrasound before using any flushing medium and only consisted of fluid from one follicle. This follicle was aspirated with a 17-gauge Cook needle attached to 100 mm Hg pump-operated aspirator (Rocket, Branford, CT) and was the first puncture of the oocyte retrieval. The follicular fluid was transfered to a sterile Petri dish, and after the oocytes were removed, the fluid was placed into a 15-mL conical tube and centrifuged at low speed (200g) for 15 min. Within 30 min of collection, the supernatant was placed into a clean storage tube, labeled, and refrigerated. Follicular fluid was aliquoted into 2 mL tubes, labeled with the subjects' confidential identification number, and frozen at −80°C.
2D PAGE and Protein Identification
Protein concentration determined by bicinchoninic acid analysis (Pierce, Rockford, IL). An equal amount of protein sample prepared from ten nonpooled pairs of each individual patient's follicular fluid (prepared with 2D cleanup kit and albumin depletion kit) was used for 2D PAGE separation. Isoelectric focusing with a preprogrammed protocol was run on the Protean IEF (Bio-Rad, Hercules, CA). Second-dimensional sodium dodecylsulfate-PAGE separation was then performed. The 2D gels were stained with Sypro Ruby (Bio-Rad) and then scanned with Molecular Imager FX with external Lasers (Bio-Rad). Image analysis of 2D PAGE profiles and comparison of protein spots for quantification and matching was performed with PDQuest software (V 7.1; Bio-Rad) (19) .
Protein and polypeptide spots of interest were excised for sequencing analysis performed by the Taplin Biological Mass Spectrometry Facility, Harvard Medical School (Boston, MA) using LC-MS/MS as previously described (20) .
Quantitative Validation by ELISA
The total antithrombin (AT) level in follicular fluid was quantified by using direct ELISA with the purified polycolonal antibody against antithrombin. Microplate wells (Fisher Scientific, Pittsburgh, PA) were coated with 1 µL follicular fluid (1:1000 diluted in 0.1 mol/ L carbonate, pH 9.7, and 8 mol/L urea). All samples (ten pairs) were run in duplicate, as previously described (20) . The first antibody was for antithrombin (0.10 mg/mL; Abcam, Cambridge, MA), and the second antibody was conjugated with horseradish peroxidase (1.5 mg/mL; Abcam).
Statistical Analysis
Using the Biomarker Analysis Program from PDQuest software for identifying predictive protein peaks, we compared the success and failure groups by the Wilcoxon paired test. The ELISA data were compared with the Wilcoxon signed rank test and paired t test. Significance was set at a P<.05, and all reported P values were based on two-sided tests. Patient population characteristics were compared between the two groups using Student t test, Fisher exact test, and Mantel-Haenszel chi-squared test where appropriate. The SAS statistical software package (version 9.1; SAS Institute, Cary, NC) was used for all analyses.
Unconditional logistic regression adjusting for matching factors was used to calculate the crude and multivariate odds ratios (ORs) and 95% confidence intervals (CIs), which are presented as estimates of the relative risk of existence of the unique protein peak. A multivariate OR for each protein peak identified from the Wilcoxon paired test was calculated after adjusting for variables that possibly confound these associations. We considered a multiple variables to be a potential confounder of the association of the protein peak of interest with the IVF point of failure (poor oocyte retrieval, poor fertilization, pregnancy loss) if addition of that variable to the model changed the OR by 10% or greater. If a factor was identified as a confounder of any estimated main effect, it was kept in all models (21) . Only E 2 on day of hCG was observed to alter the main effects. In addition, using Stata, a step-wise logistic regression model was used to evaluate the synergistic effect of protein candidates. Cross-validation for the receiver operating characteristic (ROC) curve was calculated by the leave-one-out jackknife technique (22) .
RESULTS

Patient Population
In the present study population overall, the distribution of primary infertility diagnoses included 33.4% male factor, 21.7% tubal factor, 16.7% idiopathic, 13.2% endometriosis, 11.4% ovulatory disorder (including diminished ovarian reserve), and 3.6% cervical/uterine factors; 4.5% of participants were Asian, 3.4% were African American, 1.7% were Hispanic, and 89.4% were Caucasian. No differences in general population characteristics were identified except for E 2 on day of hCG, which correlates with our original comparison group selection criteria ( Table 1 ). The patient groups had similar past obstetric histories (all pregnancies) (P>.99). Oral contraceptive pills (ever vs. never) were used by 80% of the women in both groups. Two of ten women in the success group compared with four of ten in the failure group were past smokers, but there was only one current smoker (failure group). No patients in either group had a medical history positive for diabetes, eating disorder, depression, cancer, hypertension, hyperthyroidism, or fibroid uterus. One patient in the failure group had hypothyroidism (P>.99). The embryo transfer was described as "easy" in 90% of the success group and 80% of the failure group, and no difficult transfers were present in either group (P>.99).
2D-PAGE Protein Profiling and Identification
The initial two pairs (four samples) of follicular fluid were analyzed with good reproducibility and an average matching rate of 89%(positive coefficient of correlation [r=0.89]; mean coefficient of variation of 18%). Visual inspection of the 2D-PAGE images of the first two pairs revealed two spots (spot A and spot B) that differed regarding increased expression in the success group (Fig. 2 ). These two spots were excised, and three potential protein markers were identified with LC-MS/MS analysis with database searching. They included haptoglobin alpha (Hp-α), predominantly fetal expressed T1 domain (PFET1), and mitochondrial genome integrity gene (ATPase) (MGI1) ( Table 2 ). Subsequently, eight pairs were added to the experiment to enlarge the sample size. The presence of spots A and B was confirmed in five out of the eight additional pairs in the similar pattern identified in the original two pairs (spots present in a total of seven out of ten pairs). Subsequently, because of the large number of gels analyzed (16 samples), PDQuest program was used to maximize comparison of the additional gels. A total of 321 ± 96 spots were detected. The success group had 328.8 ± 97 spots detected, and the failure group had 314.5 ± 94 spots detected (P=.80).
The PDQuest Wilcoxon paired analysis set manager identified five spots (spot 5402, spot 8203, spot 9403, spot 3502, and spot 7101; Table 2 ) to be significantly different between the success and failure groups (P<.05). The LC-MS/MS analysis with database searching revealed the candidates associated with increased expression in the success pairs (3 spots) to include apolipoprotein H (beta-2 glycoprotein I [B2GPI]), dihydrolipoyl dehydrogenase (DHD), lysozyme C, fibrinogen alpha-chain, and Ig heavy chain V-III (region BRO) ( Table  2 ). The spots with decreased expression (i.e., increased among the failure group: 2 spots) were found to be antithrombin, vitamin D-binding protein (VDBP), and complement 3 ( Table 2 ). An example comparison is shown of the 2D PAGE results of follicular fluid images with both a decreased expression spot (upper gels) and increased expression spot (lower gels) in the success-versus-failure pairs with markings as directly shown from exported images of the PDQuest analysis program ( Fig. 3 ). Although the difference in the spots may not be clearly visible to the naked eye, the purpose of the PDQuest analysis program is to identify differences that may not otherwise be noted. An independent evaluation of the raw spot density data of the five spots identified by PDQuest and the two spots identified visually (data extracted manually from PDQuest by using the 3 × 3 mm average area density of each spot in the subsequent 16 2D PAGE images) confirmed the significant differences between the success and failure groups (P<.05). Other abundant proteins such as albumin, alpha-1-antichymotrypsin, immunoglobulins, and serotransferrin were frequently revealed in the isolated protein spots, but we did not intensively examine these proteins further in this study, owing to their known abundance in follicular fluid.
Because of support in the literature for involvement of antithrombin in RPL, we proceeded with additional analysis by ELISA for antithrombin. This revealed significantly decreased levels of antithrombin in the follicular fluid for the successful patients compared with the ones who failed (mean ± SD: success 0.6979 ± 0.0217, and failure 0.7488 ± 0.0411; P<.01; n = 20; Fig. 1 ). This analysis held true even if one assumed a normal distribution (P<.01; n = 20).
Finally, a logistic regression model was built to predict the successful outcome by applying a step-wise model via Stata software. In the model, the level of significance for removal from the model was .25 and the significance level for addition to the model was .10. This process selected proteins from spots 3502, B, and 8203. We then applied the model and estimated for a new subject the probability that a woman has a live birth (good response) based on the expression levels of spots 3502 (AT, VDBP), B (PFET1, MGI1), and 8203 (fibrinogen alpha-chain). Based on the 20 subjects in this study, the estimated sensitivity and specificity when this model was applied were 80% and 90%, respectively. The estimated area under the ROC curve was 0.84. A 95% CI for the area under the ROC curve was calculated using the leave-one-out jackknife technique and was determined to range from 0.64 to 0.94.
DISCUSSION
We investigated follicular fluid of IVF patients analyzed by a 2D PAGE technique with the goal of identifying biomarkers of IVF success in matched pairs of patient samples. Haptoglobin alpha, PFET1, MGI1 (ATPase), B2GPI, DHD, lysozyme C, fibrinogen alphachain, and Ig heavy chain V-III (region BRO) were found to have increased expression in the success group. Antithrombin, VDBP, and complement 3 were decreased. From our logistic model built to predict a successful outcome, a multiple marker screen may be envisioned involving the protein candidates from spot 3502 (AT, VDBP), spot B (PFET1, MGI1), and spot 8203 (fibrinogen). This multiple marker screen may have utility in future IVF cycles in predicting good versus poor response or translation to serum markers that could then be applied before an IVF cycle for use in daily clinical activity.
Confirmation with ELISA revealed that AT was increased in the follicular fluid of our failure group. This seems contrary to the serum findings in RPL, where AT levels are decreased in the failure group (23) . Perhaps in the IVF setting, AT dysfunctionality is present by a different mechanism. Two studies suggested that thrombophilias may correlate with repeated IVF failures (24, 25) . Rarity of AT deficiency in the general population limits our ability to make a conclusion in this regard (24, 25) , and a case-control study of women with IVF failures with thrombophilias did not include AT in their evaluation (26) . Clinically, plasma AT was decreased in women undergoing ovarian stimulation for IVF (prestimulation sample vs. the day after hCG), but a relationship with pregnancy outcome was not evaluated in this study (27) .
Our findings also included VDBP, which has been found in follicular fluid of male-factor infertility IVF patients (28) , and MGI1, which has been found to encode ATPase (29, 30) . In follicles, extracellular adenosine triphosphate (ATP) may be able to facilitate apoptosis in granulosa cells, leading to follicular atresia and luteal regression (31) , and ATP has antiproliferative or antigonadotropic action in human granulosa cells (32) . Fibrinogen has been found in human IVF follicular fluid (33) and in RPL patients (8, 34, 35) . Haptoglobinalpha, B2GPI, lysozyme C, and complement 3 have been previously examined in follicular fluid (36) (37) (38) (39) (40) (41) (42) (43) . PFET1, DHD, and IgG heavy chain V-III (region BRO) have been uniquely identified in the present study to have a relationship with IVF live birth without, to our knowledge, previous literature reported in this regard.
The work of other authors regarding human follicular fluid has included the identification of alpha-1-antitrypsin, prealbumin, albumin, hemopexin, transferrin, hemoglobulins, IgG, IgA, ceruloplasmin, alpha-2-macroglobulin, thioredoxin peroxidase 1, haptoglobin, transthyretin, and retinol-binding protein (36, 37, 44) . A correlation with the maturity of the oocytes was found only with alpha-1-antitrypsin (37). Spitzer et al. (38) , in an earlier study of human follicular fluid with 2D gel analysis, demonstrated that protein patterns from mature follicles were similar between patients, but immature versus mature protein profiles were not similar. Our findings suggest novel proteins to be added to the above follicular fluid studies.
Strengths and Limitations
To maximize our ability to identify differing proteins with a lower throughput technique applied to the follicular fluid samples of these young women undergoing IVF, we selected women with good oocyte retrieval results (≥11) who ultimately achieved a live birth and those who had a poor number of oocytes retrieved (<11) and did not achieve conception. Although our goal was to evaluate the follicular fluid for the outcome of live birth, our results may instead be predicting the differences between good and poor responders. women would be expected to have a better prognosis, and so we identified two groups of women in that younger age range that had dissimilar treatment responses for this pilot study. We acknowledge that a study design with similar patient characteristics solely differing in outcome would be the next step in analysis, including using a larger sample size and/or multiple centers. We evaluated a large number of potential confounders beyond matching female age, calendar year of IVF cycle, and down-regulation protocol. However, potential confounders for which we lacked data or which are immeasurable certainly exist, as is true for all studies.
With the advent of 2D gel electrophoresis and mass spectrometry, we have a technology that can reveal differences between various groups that may or may not be clinically significant, but we feel that a broad-based proteomic approach can be useful because it approaches the patient in a global manner. Our methods included several tactics to obtain consistent and reliable data. The samples that were analyzed had been collected under rigorously detailed parameters so that sample collection (time from collection to preparation was within 30 min), identification, and freezing were similar. The technique that we described used 2D PAGE with increased protein loading to maximize detection of low-abundance proteins. Additionally, albumin depletion and clean-up kits were incorporated to optimize conditions for spot detection and matching. The 2D PAGE methodology allowed us to have individual detection of intact proteins, high protein resolution, and good coverage of proteins with isoelectric point 3-10 and molecular weight 15-200 kDa. Reproducibility was optimized by careful specimen preparation and by implementing strict laboratory technique to the 2D-PAGE process that was validated by matching rate and coefficient of variation.
Applying this general approach has allowed for a broader experimental view, but it is also laden with technical challenges. We acknowledge the disadvantages of the possibility of under-representation of very acidic, very basic, low-mass, and high-mass proteins with 2D PAGE. Although 2D PAGE does not routinely resolve complex protein mixtures into more than 1,000 spots, it is likely that many additional proteins are present. In addition, there is no high-throughput mechanism by which to analyze multitudes of samples as is possible with surface-enhanced laser desorption/ionization (SELDI) TOF-MS, so we recognize that the present paper is represents only a pilot analysis of a small number of samples. Several studies have used matrix-assisted laser desorption/ionization TOF-MS (28, 44, 45) and SELDI-TOF-MS (36) to analyze human follicular fluid, but these methods require significant validation for reliable results (46) . The 2D PAGE technique was selected as the gold standard for the illumination of variations in expression of proteins in the present study because of its high resolution and broad coverage. Detection of post-translational changes that alter the activity of a protein can also be accomplished with 2D PAGE.
We also acknowledge that there is the possibility of false discovery. For example, it has been noted that in serum, increased fibrinogen and decreased AT may exhibit an estrogenic effect and that, perhaps, IVF induces a hypercoagulable state by elevating estrogen levels (27) . Our findings could represent an estrogen effect as represented by the increased fibrinogen and decreased AT in the successful patients who had a statistically significant increase in their E 2 level on the day of hCG. Moreover, although the majority of the time a mature egg was likely to be retrieved from the aspirated follicle, confirmation of these data is not available. All of the follicular fluid analyzed originated from aspiration of mature follicles (>18 mm), and we would expect to retrieve a mature oocyte from a lead follicle >85% of the time with >50% of immature oocytes extruding a polar body when observed in culture media (unpublished data), but we cannot directly link the follicular fluid analyzed to the embryo transfered that ultimately resulted in success or failure. But, we feel that our study is appropriate, because it has been shown that protein patterns are similar between mature follicles (18-20 mm) of a particular patient, independent of the presence of an oocyte proteins from mature follicles of different patients are similar (38) , and "protein composition of follicular fluid is relatively constant" (47) . Furthermore, the point at which pregnancy failure occurs may not be identifiable and, as such, our broad-based approach may be more inclusive and instructive. Additionally, it would also be important to work toward translation of these protein markers to serum testing so that results could be received before the initiation of any IVF cycles.
In conclusion, proteomic analysis of matched human follicular fluid pairs revealed potential biomarkers of good responders versus poor responders in IVF. Further investigations are required to validate these biomarkers, including protein characterization (i.e., protein fragmentation, modification), specific antibody generation, and immune assay development. We encourage others to continue and extend our findings with a rigorously managed technical component and to strive to add the epidemiologic portion to strengthen and confirm our conclusions. ELISA of the total antithrombin level in follicular fluid of success (live birth) versus failure (no pregnancy). The circled protein spots were identified visually to differ significantly between the success (live birth) group and the failure (no pregnancy) group. These spots were excised for liquid chromatography-tandem mass spectrometry analysis. Protein/peptide profiling by two-dimensional gel electrophoresis (2D-PAGE). Example of spot differences in Sypro Ruby-stained 2D PAGE images of follicular fluid identified by PDQuest program comparison. (A) Spot 7101 is increased in failure (no pregnancy) versus success (live birth). (B) Spot 5402 is increased in success versus failure. The 2D gel images were reproducible, and three matched spots among all 20 gels were randomly chosen to calculate the spot position deviation. In the isoelectric focusing (IEF) direction, the spot positional deviation was 2.50 ± 0.12 mm, and in the sodium dodeclysulfate (SDS)-PAGE direction, the deviation was 0.55 ± 0.43 mm. When an outlying gel was removed from the analysis, the spot position deviations for the IEF direction and SDS-PAGE direction were 0.59 ± 0.16 mm and 0.49 ± 0.28 mm, respectively. Protein candidates from follicular fluid with increased/decreased expression in success (live birth) versus failure (no pregnancy) with multivariable odds ratios comparing quartiles of spot density for each protein spot. a ATPase has been shown to be encoded by MGI1 [42, 43] .
